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Abstract

The determination of optimal geometric characteristics of a catamaran that minimize ves-
sel motion responses under prescribed design and operational conditions remains insuf-
ficiently addressed in existing engineering practice. This study presents a systematic
methodology for the evaluation of catamaran seakeeping performance through the struc-
tured parametric comparison of principal geometric parameters. The proposed method-
ology comprises the identification of relevant geometric variables, the specification of
their admissible variation ranges in accordance with design constraints, the selection of
appropriate numerical evaluation tools, and the quantitative analysis of resulting motion
responses. The objective is to determine parameter combinations that yield minimum mo-
tion amplitudes. The methodology presented in this article is partly a complex methodol-
ogy for evaluation of seakeeping and total resistance, and partly selection of the most fa-
vorable combinations of geometrical parameters satisfying the design task parameters
across both above-mentioned hydrodynamic qualities. The resistance part of the method-
ology is presented in previous works with links and description provided in this article.
A graphical system for presenting simulation results is developed, allowing arrangement
of the calculation results on one horizontal axis, representing catamaran length variations,
grouped by the speed and demihull separation values and including catamaran demihull
symmetry considerations. Aligned under each other, the graphs provide an intuitive in-
terpretation of total resistance trends and seakeeping across various geometric configura-
tions and operational speeds. This method, the seakeeping part of which is illustrated in
the results paragraph, enables a comprehensive comparison of multiple design variants
within a clear visual framework. The methodology is applied to a representative catama-
ran configuration by parametrically varying key geometric characteristics, including ves-
sel length, demihull separation, and hull symmetry. The corresponding seakeeping re-
sponses are evaluated using the Maxsurf Motions computational framework. The results
demonstrate that systematic variation and analysis of geometric parameters enable the
identification of configurations with significantly reduced motion amplitudes. Pitching
RAO amplitudes for different catamaran lengths can vary 45-50%, for demihull separa-
tion—25-50% and for asymmetry 27-50%. Heaving RAO amplitudes for different cata-
maran lengths can vary 45-50%, for demihull separation —32-65% and for asymmetry 30—
60%. The findings indicate that demihull separation, hull-form symmetry, and overall
vessel length each play a significant role in determining catamaran seakeeping perfor-
mance. The proposed approach provides a robust basis for the early-stage design struc-
tured parametric comparison of catamarans, facilitating the selection of geometric config-
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urations that minimize projected vessel motions and improve overall seakeeping perfor-
mance.

Keywords: catamaran; seakeeping; demihull spacing; demihull symmetry;
demihull length

1. Introduction

Selecting the right hull geometry is one of the most important decisions in the early
stages of ship design. Geometric choices made at this point directly affect how the vessel
behaves in waves, how much fuel it consumes, and how safely and comfortably it can
operate. While resistance is usually the first thing designers look at, seakeeping matters
just as much—especially for vessels that spend most of their time in open sea conditions.
Poor motion behavior affects crew comfort, the ability to carry out work onboard, struc-
tural loads, and in some cases operational safety.

For catamarans, this problem is more complex than for monohulls. The two demi-
hulls interact hydrodynamically, and this interaction changes depending on how the hulls
are shaped and positioned relative to each other. As a result, predicting and controlling
wave-induced motions in catamarans requires attention to several geometric variables
simultaneously —vessel length, demihull separation, hull symmetry, and vertical clear-
ance, among others. Research over recent decades has confirmed that catamarans are par-
ticularly sensitive to heave and pitch motions, and that geometric changes can signifi-
cantly alter their resonance behavior. Bouscasse et al. [1] showed experimentally that ver-
tical motions and wave loads increase sharply near resonance, underlining why seakeep-
ing needs to be considered early in the design process. Begovi¢ et al. [2] reached similar
conclusions for planning and semi-displacement craft, demonstrating that hull form
choices strongly affect heave and pitch responses.

Among the geometric parameters that designers most commonly adjust, vessel
length, demihull separation, and hull symmetry tend to have the greatest practical influ-
ence. These parameters are often constrained by operational requirements, port access, or
structural considerations, but they can usually be varied within a meaningful range—and
even small changes can noticeably shift the vessel’s dynamic behavior in waves [3-6].

Several studies have looked at these parameters individually. Wulandari et al. [7]
examined how hull symmetry affects both resistance and seakeeping in catamarans, while
Danisman [8] investigated wave interference effects when an inter-demihull bulb is
added. Other recent work has explored geometric optimization for resistance [9-14] and
wave interaction between demihulls [15,16]. Sulistyawati W. et al. [17] studied application
of the bulbous bow to the catamaran and its influence on the slamming, finding that the
use of bulbous bow form for catamarans can significantly decrease the probability of the
slamming.

In the study of Windyandari A. et al. [18], a hull form simplified for production was
proposed and compared with a conventional rounded form. The resistance of proposed
simplified hull form has slightly increased and in the beam sea conditions has shown bet-
ter seakeeping performance. Conventional hull form has shown better performance cata-
maran in the Bow Quartering and Head Sea conditions.

Guo et al. [19] used CFD to investigate the influence of demihull spacing and hull
angle on calm water resistance, finding that the narrowest spacing produced resistance
coefficients on average 14% higher than the widest spacing, with wave-making resistance
identified as the dominant factor. Their results also showed that small outer demihull an-
gles can slightly reduce resistance through favorable wave interference, while inner an-
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gles increase it by up to 9%. Aung et al. [20] conducted a comprehensive CFD investiga-
tion of demihull interference and shallow water effects on a high-speed catamaran ferry,
showing that demihull interaction produces both positive and negative effects on re-
sistance depending on vessel speed.

Generally, different aspects of catamaran design and building, including methodol-
ogies for estimation of resistance and seakeeping were thoroughly analyzed in the work
of Alferjev [21]. The influence of the interference for seakeeping characteristics is proposed
to be evaluated by additional added mass. Alferjev proposed to use the dependency of
the two nearby arranged plates, received on the base of the Sedov equations [22]. The
graphical solution for evaluation of the demihulls interference for seakeeping tasks pro-
posed by Alferjev is also provided in the work of Liang Yun et al. [23]. The dependence of
the motions of the catamaran is expressed through added mass characteristics due to the
hydrodynamic interference between the hulls and directly depends from the distance be-
tween demihulls. The same dependence described by Alferjev is used in the linear motion
equations applied to catamaran developed by Dyachkov and Makov [24].

Further studies on the added mass due to demihull interference show that its influ-
ence on the seakeeping qualities depends on the wavelength ration with respect to the
length of the catamaran and on the speed. Fitriadhy et al. [25] found that higher demihull
separation will not necessarily lead to decreased motion amplitudes. Vernengo G. et al.
[26] studied demihull separation influence on added resistance in waves, finding that the
hull separation ratio S/L has the more complex effect since it changes based on both the
forward speed and the heading angle.

These studies are valuable, but their findings are generally tied to specific hull forms
and operating conditions. It is difficult to take conclusions from one catamaran study and
apply them directly to a different design—the geometry, speed range, and wavelength
conditions all interact in ways that make generalization unreliable.

Differences in hull geometry, speed range, and relative wavelength conditions can
lead to different motion responses, making it difficult for designers to extract universal
guidelines from the existing literature. As a result, engineers are frequently required to
rely on experience or trial-and-error approaches when evaluating seakeeping perfor-
mance.

To address this gap, the present study proposes a structured, geometry-based meth-
odology for evaluating the seakeeping performance of catamaran vessels during the early
design stage. The methodology focuses on the influence of vessel length, demihull sepa-
ration, and hull symmetry on wave-induced heave and pitch motions in head seas, using
linear frequency-domain analysis as an efficient and widely accepted evaluation tool.

In the early design stages, engineers have the possibility to evaluate the motions in
waves of the catamaran by the following means: analytical calculations (e.g., strip theory),
computational fluid dynamics (CFD) or model tests. Model tests often require substantial
financing and are time consuming. In addition, model tests are not suitable in the case of
the search for optimal configuration of the vessel geometrical parameters in the results
providing minimal total resistance and/or motion amplitudes for the given design case.
In this regard, CFD is an appropriate tool to estimate optimal configuration of the geo-
metrical parameters, although it still requires significant computational effort. Addition-
ally, CFD simulation domain and the simulation results should be verified by the model
tests, but in this case require a less intensive test program. In this case, evaluation of cata-
maran motions in waves by the analytical calculations using strip theory would seem to
be optimal in the contexts of time, computational and financial efforts, but with limitations
that should be taken into account during the preliminary evaluation stage. Strip theory,
in turn, does not allow the acquisition of very accurate results of the different variation of
the geometrical parameters on the catamaran motions. However, the application of this
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theory to catamarans using correction factors for catamaran inertial characteristics and
different geometrical parameters like demihull separation has shown reliable results [24].

This stage would be used to make the most of the structured comparison, giving an
overview of the influence of the geometrical parameters of the catamaran on its seakeep-
ing characteristics and bringing engineers to a narrower range of characteristics to focus
on in further detailed research, if necessary. In this paper, the authors propose a method
for finding the optimal geometrical parameters of a catamaran by evaluating its seakeep-
ing using more affordable engineering tools. In further steps, the engineers can decide to
refine the preliminary geometrical parameters using CFD evaluation or model tests with
a less intensive and time-consuming program, saving time on the most complex research
part.

The novel aspects and main contributions of the proposed approach are summarized
as follows:

Unlike conventional parametric studies that primarily focus on isolated variation of
design variables, the proposed methodology introduces a structured, constraint-based
framework for the early-stage design of catamarans. The method integrates parameter se-
lection, realistic variation limits, and multi-parameter comparative visualization into a
unified decision-support tool.

The methodology presented in this article is the part of a complex methodology for
the evaluation of seakeeping and total resistance and selection of the most favorable com-
binations of geometrical parameters satisfying the design task parameters across both
above-mentioned hydrodynamic qualities. The resistance part of the methodology is pre-
sented in another article [27]. For the whole methodology, a graphical system for present-
ing both total resistance and seakeeping simulation results is developed. The parameters
chosen for evaluation and comparison of the results are arranged in the system to allow
easier interpretation of the results for both total resistance and seakeeping across the mul-
tiple variations in the geometrical parameters of the catamaran, e.g., length, demihull sep-
aration, asymmetry. The calculation results are arranged on one horizontal axis, repre-
senting catamaran length variations, and further grouped into separate blocks by the
speed and demihull separation values, including catamaran demihull asymmetry consid-
erations. Aligned under each other, the graphs provide an intuitive interpretation of total
resistance and seakeeping trends across various geometric configurations and operational
speeds. This method, the seakeeping part of which is provided in this article, enables a
comprehensive comparison of multiple design variants within a clear visual framework.

This approach enables designers not only to analyze but also to systematically reduce
the design space and identify optimal geometric configurations based on seakeeping per-
formance and total resistance for the certain catamaran design case. The proposed meth-
odology is applied to a case study of a research catamaran, demonstrating its practical
applicability and possibility of integration with resistance evaluation methodology pre-
sented in earlier research [28].

The manuscript is organized into six main sections. Following the introductory chap-
ter, Section 2 outlines the proposed methodology, including its individual stages and
practical implementation aspects. Section 3 demonstrates the application of the method-
ology through a representative catamaran case study. The numerical assessment proce-
dure adopted in the research is described in Section 4. Section 5 presents and discusses
the obtained results together with a graphical representation of the methodology. Finally,
the main findings and conclusions of the study are summarized in Section 6.

2. Methodology

Efforts to optimize catamaran hull geometry for improved resistance performance
can simultaneously affect the vessel’s behavior in waves. For this reason, the present study
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applies a systematic methodology to evaluate how variations in selected geometric pa-
rameters affect vessel motion in waves.

The proposed methodology was used to evaluate heave and pitch motions in head-
seas conditions, as these responses are generally considered the most critical indicators of
catamaran seakeeping performance. It should also be emphasized that the methodology
is not restricted to the parameters examined in this study and can be extended to include
additional design variables when required.

The methodology follows the same general logic previously adopted for resistance
evaluation [29], but is adapted here to address seakeeping performance. Overall, it repre-
sents the continuation of the methodology developed by the article authors for estimation
of total resistance of catamaran vessels and in combination it will form more complex
methodology for comparative estimation of the optimal geometrical parameters both for
total resistance and motions in waves. Aligned under each other, the graphs provide an
intuitive interpretation of total resistance trends and seakeeping across various geometric
configurations and operational speeds. This enables a comprehensive comparison of mul-
tiple design variants within a clear visual catamaran design framework.

The part of the above-described complex methodology provided in this paper con-
sists of selecting relevant geometric parameters, defining realistic variation limits, apply-
ing an appropriate numerical seakeeping method and analyzing the resulting motion re-
sponses to identify design trends. The general structure of the methodology is presented
in Figure 1.

(a)The first step involves identifying geometric parameters known to influence cata-
maran seakeeping characteristics. Based on established seakeeping theory and previous
studies [11,12,28,29], vessel length, demihull separation, and hull symmetry were selected
for investigation. Among the many geometric variables that define a catamaran hull, these
three are the ones most directly linked to the physics governing heave and pitch in head
seas, and at the same time the ones most likely to be adjustable within a realistic design
task. The vessel draft was held constant throughout the study to provide a consistent basis
for comparing the investigated geometric parameters. This is a deliberate methodological
choice intended to capture realistic early-stage design variations rather than idealized
controlled comparisons, and is discussed in more detail in Section 6.

Vessel length (L) directly determines the natural periods of heave and pitch through
its relationship with the vessel’s waterplane area, displacement, and pitch moment of in-
ertia. Since resonance occurs when the encounter frequency matches the natural fre-
quency of the vessel, length is important geometric factor governing which wavelengths
will excite the vessel most strongly during operation [30,31]. Numerical studies have sim-
ilarly confirmed the strong dependence of vertical motions on vessel length and relative
wavelength across a range of catamaran configurations [32-34]. It is therefore one of the
parameters any designer should examine when evaluating seakeeping at the concept
stage.

In Section 3, the length values were varied within practical limits, considering the
equipment placement possibilities of the original RV “Mintis” and potential hull cylindri-
cal part modification.
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Catamaran design

¥

(2) Selection of the geometric parameters:
length/breadth ratio (L/B), demihull separation(5), hull asvmmetry(C)

v

(b) Variation in the limits to fit design task:
Depending on the design task, the limits for variation of geometric parameters
established: range of L/B, 5 and C variations. Selection of speed range: 3-5 speed
values for seakeeping estimation

'

() Selection of the evaluation methods:
Depending on the catamaran design task, selection of the evaluation method:
Analytical calculation, CFD, model tests

!

(d) Creation of the seakeeping evaluation matrix
Depending on the chosen geometrical parameters, their variation limits, and
evaluation method, the seakesping evaluation matrix is to be created, resulting ina
mumber of caloulation/evaluation cases.

|

(e) Analysis of the evaluation results

.

(f) Selection of the catamaran geometric parameters optimal for the
design task

Figure 1. Proposed methodology structure.

Demihull separation (S) governs the hydrodynamic interaction between the two
hulls. Each demihull generates its own wave system, and the separation distance deter-
mines the phase relationship between these systems—affecting both the wave excitation
forces acting on the vessel and the radiation damping it experiences [7,11]. This effect be-
comes more noticeable at higher Froude numbers, making demihull separation a param-
eter worth examining systematically even if its absolute influence is smaller than that of
vessel length [19,24]. Demihull separation is also one of the few geometric variables that
can be meaningfully varied without requiring a fundamental redesign of the hull form
itself. In Section 3, the separation values were varied within practical limits, which are
related to general arrangement requirements and structural considerations of the connect-
ing bridge.

Hull forepart symmetry can affect wave interaction patterns and hydrodynamic
damping along the demihull, particularly in the bow region. Since pitch motion is most
sensitive to forces acting forward of the center of gravity, changes in forepart geometry
can alter the pitch damping and the spatial distribution of wave excitation moments with-
out significantly affecting hydrostatic parameters such as displacement or waterplane
area [3,8]. This makes forepart symmetry a parameter that can target pitch response spe-
cifically, independently of the other two variables, as confirmed by recent studies of cata-
maran hull form effects on seakeeping behavior [8,30]. In Section 3, the study case of meth-
odology application is presented. It includes the forepart geometry of the demihull mod-
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ification to generate asymmetric variants, while the aft part was kept unchanged to limit
the scope of the investigation.

The methodology is not limited to these three parameters and can be extended to
include additional variables in future applications.

(b) In the next stage of the methodology, the designer must define the allowable var-
iation limits of the selected geometric parameters in accordance with the design task and
intended operational profile of the catamaran. These limits are governed by general ar-
rangement constraints, overall geometric proportions, and the functional requirements of
the vessel. In the context of seakeeping analysis, the selected variation range should also
ensure that the investigated configurations remain realistic and representative of practical
design solutions.

The range over which vessel length can be varied is largely set by structural layout
factors—frame spacing, the arrangement of the cylindrical midship section, and the con-
figuration of internal compartments. From a seakeeping standpoint, changing vessel
length shifts the relationship between hull length and incoming wavelength, which
thereby affects the vessel’s motion response; therefore, dominant wavelength in the pro-
jected sailing area should be considered. Additional engineering work rising due to ap-
plicable rules (e.g., longitudinal strength calculation) should be accounted for. Also, selec-
tion of the length change step value should be performed in the framework of the ship
design technical task; however, it should account for its influence on hydrodynamic char-
acteristics.

The spacing between demihulls (S) may be adjusted within the constraints set by the
overall breadth specified in the design requirements.

While increasing demihull separation may reduce hydrodynamic interaction effects
in some conditions, it can also lead to structural challenges, such as reduced transverse
strength of the connecting bridge and increased structural weight. On the other hand,
smaller separation distances may intensify wave interference effects between demihulls,
which can significantly influence vertical motion responses, particularly in head seas.
From the studies [13, 21-24,35], it is recommended to take demihull separations not less
than half of the demihull, also taking into account the necessary deck area, dictated by the
design task. Therefore, the selected range of S should balance structural, operational, and
seakeeping considerations.

Hull symmetry is another parameter that can be adjusted depending on the design
objectives. A symmetric hull configuration is typically used as a reference case, while
asymmetric variations can be introduced by modifying the forebody geometry. In sea-
keeping terms, such modifications affect the distribution and hydrodynamic pressures
along the hull, which influence heave and pitch responses. Care must be taken to ensure
that the applied asymmetry remains within practical limits.

The selection of the operational speed range is also critical for seakeeping evaluation.
The chosen speeds should reflect the vessel’s operational profile and correspond to repre-
sentative Froude numbers. In this study, multiple speed conditions are considered to cap-
ture the variation of motion response across different encounter frequencies. While in-
creasing the number of evaluated speeds can improve the resolution of the analysis, it also
increases computational effort and should therefore be selected based on the objectives of
the study.

(c) Selection of the evaluation methods: The chosen numerical evaluation tool is a
critical part of the design stage. It should provide reasonable accuracy, be quick for eval-
uation and easy to use. Linear frequency-domain methods are widely used and recom-
mended for the initial design evaluation and comparative experiments. Different evalua-
tion methods (analytical calculations, CFD, model test) can be used to implement the
methodological guidelines and to receive the results for evaluation within the wide do-
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main frequency range. Maxsurf Motion software package (version 2024) is used in this
case study for evaluation of seakeeping parameters using strip theory analysis.

(d) The next step in the methodology is to create the analysis matrix, which is con-
structed from different combination of hull geometric parameters. For example, applying
the current methodology (presented in Section 3), the matrix consists of 36 different hulls,
but can be expanded if necessary. Once the matrix is created, seakeeping analysis can be
performed using the selected numerical tool. At the early design stage, RAO-based met-
rics are considered sufficient for comparative assessment, while more advanced operabil-
ity criteria are recommended for later design phases. For this reason, heave and pitch re-
sponse amplitude operator (RAO) curves were calculated for each hull configuration at
different operating speeds corresponding to the Froude numbers investigated. The RAO
selection can be explained as this value represents the fundamental transfer function be-
tween vessel motion and sea conditions and at the same time provides independence from
the specific definition of input parameters. Considering the worst-case resonance condi-
tion, maximum values of heave and pitch RAOs are extracted from RAO curves. This
makes RAO-based evaluation suitable for the early-stage design of a new build vessel. In
addition to peak RAO values, the corresponding resonance frequencies were also exam-
ined to ensure that the motion response of the vessel occurs within the typical wavelength
range of the vessel hull. In practical design application, the parameter of resonance fre-
quency should be evaluated together with the expected wave spectrum of the operational
environment conditions.

(e) Analysis of the evaluation results.

This stage of the methodology focuses on examining and presenting the seakeeping
outcomes in a format appropriate for comparative evaluation.

The extracted maximum RAO values were grouped according to demihull separa-
tion and plotted separately for each operating speed. On the horizontal axis, within each
spacing group, results were arranged by vessel length, allowing trends related to length,
spacing, and hull symmetry to be clearly seen and compared. On the vertical axis, the
results of pitching and heaving maximum RAQO values for corresponding vessels are plot-
ted. This analytical model can be easily extended to include additional geometric param-
eters and resulting values depending on the design requirements.

The following sections demonstrate the application of this methodology to a repre-
sentative case study of the research vessel RV “Mintis”, with the numerical setup de-
scribed in Section 4.

3. Case Study Conditions

The proposed methodology application from Section 2 is demonstrated using the
original hull configuration of the research vessel (RV) Mintis [35]. The vessel is a 39 m-
long, 12 m-wide catamaran, built for multifunctional marine research tasks and put into
service in 2014 (Figure 2).

RV Mintis was selected as the case study because challenges related to the selection
of appropriate geometric parameters were identified by the engineers during the design
stage. Moreover, comprehensive geometric and operational data for the vessel are availa-
ble, allowing for a consistent and reliable application of the proposed methodology. The
vessel is equipped with a dynamic positioning system that allows it to maintain accurate
stations, keeping in wind speeds of up to 18 m/s and significant wave heights of up to 3.5
m. This feature ensures a high level of maneuverability and allows the vessel to operate
safely in both open-sea conditions and restricted harbor areas.

https://doi.org/10.3390/jmse14131198
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Figure 2. Research vessel “Mintis”.

The applied methodology is intended to establish design guidelines for optimizing
the geometric parameters of catamaran hulls during the early stages of vessel design. The
structured comparison process is based on a series of numerical analyses in which hull
geometry variations were investigated using strip theory. The investigated variations in-
clude changes in demihull spacing, hull symmetry, and overall vessel length, allowing the
influence of these parameters on vessel performance to be systematically evaluated. All
geometric modifications were performed while maintaining a constant draft of 3 m. Con-
sequently, the displacement of the investigated hull configurations varies between cases.
This approach reflects practical early-stage design conditions, where modifications of ves-
sel dimensions are commonly associated with changes in payload capacity, onboard
equipment arrangement, or operational requirements. Therefore, the objective of the pre-
sent study is not to compare hulls under identical displacement conditions, but rather to
evaluate the influence of realistic geometric design variations that may occur during con-
cept-stage development. The methodology thus represents a comparative design-space
assessment rather than a displacement-constrained hydrodynamic optimization.

(1) Overall Length (L): Four vessel lengths —36 m, 38.6 m, 43.8 m, and 49 m—were con-
sidered. These configurations were regarded as practically achievable and obtained
by altering the number of frames in the cylindrical midship region, leading to length
changes of -2.6 m, the baseline length, +5.2 m, and +10.4 m, respectively (Figure 3).

(2) Demihull Separation (S): Separation distances of 3 m, 4 m, and 5 m were evaluated
in the simulations. These variations were implemented by increasing or decreasing
the original spacing (4 m) by 1 m (Figure 4). The selected values were based on prac-
tical feasibility, ensuring that the overall beam of the catamaran remained within ac-
ceptable limits for structural strength considerations.

(3) Forepart Symmetry (C): The influence of bow section symmetry was also assessed by
comparing the original asymmetric hull form with a fully symmetric configuration.
The applied modifications in the numerical study are illustrated in Figure 5.

Figure 3. Scheme of vessel length measurement variation. Red lines represents draft and base line

of catamaran

https://doi.org/10.3390/jmse14131198
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Figure 4. Scheme of measurement variations in distances between the hulls.

ﬁ

Figure 5. Illustration of forepart symmetry variations. From left to right: original (v1), modified

asymmetric form (v2), and symmetric form (v3).

The RV Mintis initially features an asymmetric hull form (Co), which was modified
for the study by shifting the bow (stem) line by Co+ 0.5 m and Co + 1.5 m, while keeping
the original aft-body geometry. These adjustments produced only minor variations in hy-
drostatic characteristics, with changes in parameters such as LCB and waterplane area
remaining within approximately 1%.

In the results discussion, the original RV Mintis configuration is designated as version
1 (v1). The modified asymmetric form corresponding to Co + 0.5 m is referred to as version
2 (v2), whereas the modified symmetric form corresponding to Co + 1.5 m is labeled ver-
sion 3 (v3). Table 1 summarizes the hydrostatic parameters for all analyzed hull configu-
rations.

Table 1. Hydrostatics parameters of investigated model configurations.

Parameter L-2.6m L L+52m L+10.4m
Length L (m) 36 38.6 43.8 49
Draft T (m) 3 3 3 3
Displacement (t) 613.8 675.7 797.8 920
Waterplane area (m?) 235.9 256.9 292.8 330.8

Block coefficient 0.43 0.47 0.56 0.64

It is important to note, that changes in demihull distance within the same length of
the vessel had only minor change in hydrostatic parameters (less than 1%). Such results
confirm that demihull spacing and symmetry of forepart are isolated from hydrostatic
parameters and mainly effect hydrodynamic wave interaction between demihulls.

4. Numerical Method

The seakeeping analysis was performed using linear frequency-domain strip theory,
which is consistent with ITTC-recommended practices for preliminary and comparative
seakeeping assessments. This method is based on dividing the hull into a series of two-
dimensional transverse sections. Hydrodynamic coefficients are calculated for each sec-
tion and subsequently integrated along the vessel length to represent the overall hull re-
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sponse. Despite its advantages and wide application in early-stage design studies, strip
theory method has its own limitations. The use of two-dimensional sections cannot fully
capture complex three-dimensional hydrodynamic wave interference between demihulls
and nonlinear viscous effects. These limitations may influence the accuracy of the pre-
dicted absolute motion amplitudes. The complete list of limitations and assumptions of
this paper is presented in Section 6.

Nevertheless, strip theory remains well suited for comparative studies involving
multiple hull configurations, where the objective is to identify trends in motion response
across a range of wave frequencies and wavelengths rather than to predict exact motion
magnitudes. Castiglionea T. et al. [36] used strip theory-based software to estimate sea-
keeping characteristics of a catamaran. A linear response of the catamaran was obtained
for low steep waves, where good correlation between viscous computations, strip theory
results and EFD data was achieved.

In this study, the Maxsurf Motions software package is employed to investigate the
influence of geometric variations on catamaran wave-induced motions. The software is
used to compute heave and pitch RAOs for different hull configurations, allowing sys-
tematic assessment of the effects of demihull spacing, hull symmetry, and vessel length.

The Maxsurf Motions software has been verified and demonstrated to be a reliable
and suitable computational package for the application of strip theory in seakeeping anal-
yses by numerous researchers, including recent studies, such as Kim, J et al. [37].

The numerical software high prediction level is additionally proved by the Maxsurf
developers in their research works [38]. The numerical setup in the software consisted of
the analysis of each catamaran configuration at a constant draft of 3 m and at three oper-
ating speeds: 6 kn (operational), 8.5 kn (cruise), and 12.5 kn (maximum). The use of mul-
tiple speeds allows the assessment of vessel behavior at different Froude numbers and
facilitates comparison of geometric configurations. Each hull model was discretized into
41 two-dimensional transverse sections to ensure sufficient accuracy of the strip-theory
predictions. All simulations were conducted in deep-water conditions with a wave head-
ing of 180° (head seas) using regular waves. This numerical setup was selected to enable
a clear and efficient comparison of the dynamic characteristics of multiple geometric var-
iants. Regular-wave frequency-domain analysis allows direct evaluation of the response
amplitude operators (RAOs), which describe the hull motion resonance response inde-
pendently of a specific sea state definition and is well suited for the early stage of vessel
design. The wave frequency range used for the evaluation of maximum heave and pitch
RAOQO values was discretized into 91 frequency points. Such conditions provide reliable
identification of resonance peaks, which are not boundary limited. Figures 6 and 7 provide
the comparison of classical heave RAO and pitch RAO curves for specific geometry com-
binations used in this study. Charts additionally include the A/L ratio, where A is the
wavelength used for the evaluation of RAO, and L is vessel length. Using the charts, it is
possible to see the motion response of the vessel at the desired motion encounter fre-
quency range (0.4 rad/s to 3 rad/s plotted in the chart) and wavelengths.

Verification of Numerical Setup

In Maxsurf Motions, the frequency discretization for strip-theory analysis is inter-
nally defined and cannot be modified by the user. The frequency resolution, however, can
be controlled through the number of evaluation points. To verify that the identified reso-
nance peaks were not sensitive to this setting, the analysis was repeated with 69, 91, and
120 frequency evaluation points. Peak heave and pitch RAO values varied by less than
0.4% and 1.9%, respectively, across all three cases, confirming that 91 evaluation points
provides sufficient resolution for accurate and stable identification of resonance peaks. In
addition, the independence of the result from the two-dimension vessel section amount
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should be evaluated. The evaluation is performed according to methodology by L.F. Rich-
ardson [39] and P.J. Roache [40] for the original RV “Mintis” hull at 8 knot speed and 3 m
draft. A constant refinement ratio was maintained across the three strip counts, allowing
application of the standard three-grid GCI method. The results are presented in Table 2.

Table 2. Numerical convergence assessment.

Strip Peak Heaving Convergence Convergence Index

Count RAO Index (GCI) ek Pitching RAO (GCI)
28 2412 : 1.474 ;
41 2347 0.32% 1.419 0.35%
61 233 1.22% 1.406 1.49%

The GCI analysis confirms low sensitivity of peak heave and pitch RAO values to the
number of transverse sections, with convergence uncertainties below 1.5% across the
tested discretization. An additional test with 15 transverse sections produced heave and
pitch RAO values of 2.591 and 1.658, respectively (about 30% difference), confirming that
the solution diverges noticeably at very coarse discretization and that the selected 41-strip
count lies well within the converged region. These results are consistent with ITTC rec-
ommendations for preliminary seakeeping evaluation and with findings reported in pre-
vious strip theory validation studies.

5. Results and Discussion
5.1. Overview of Results

The numerical investigation covered 36 catamaran hull configurations, each ana-
lyzed at three operating speeds corresponding to Froude numbers Fr=0.15, 0.22, and 0.32,
resulting in 108 peak heave RAO values and 108 peak pitch RAO values. All analyses were
conducted in head seas using linear strip theory, as described in Section 4.

In standard seakeeping practice, results for each hull configuration are presented as
individual RAO curves plotted against wave frequency, as shown for selected configura-
tions in Figures 6 and 7. While this format works well for a small number of configura-
tions, comparing 36 curves on a single graph becomes impractical. For this reason, a con-
densed graphical representation was adopted, where only the peak RAO values are ex-
tracted from each curve and plotted together for all configurations, grouped by speed and
demihull separation. This format, shown in Figures 8 and 9, allows trends related to vessel
length, demihull separation, and hull symmetry to be read directly and compared effi-
ciently across all configurations simultaneously. It also allows direct comparison with the
resistance evaluation chart presented in the companion study [27], which used the same
graphical approach for resistance results.
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Figure 6. Comparison of RAO curves for symmetry version 1 and different lengths of hull (L refers
to 38.6 m, L+10.4 m refers to 49 m).
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Figure 7. Comparison of RAO curves for symmetry version 1 (original RV) symmetry version 2

(asymmetric). L refers to 38.6 m.

Figures 8 and 9 are divided into six sections (A-F), each showing the maximum heave
and pitch RAO values for a given Froude number (three in total) across all analyzed hull
configurations. Each section includes horizontal axes representing L, which denotes the
catamaran length variant, and S, which denotes the demihull separation distance. The dif-
ferently colored curves indicate the forepart symmetry configurations of the vessel: v1
corresponds to the original RV Mintis, v2 represents the modified asymmetric form, and
v3 represents the symmetric configuration (Figure 6).

Heave and pitch RAOs are presented using the same non-dimensional scale because
both quantities are normalized in Maxsurf Motions. Heave RAO is normalized by wave
height, while pitch RAO is normalized by wave slope, resulting in dimensionless response
parameters suitable for comparative analysis.

https://doi.org/10.3390/jmse14131198



J. Mar. Sci. Eng. 2026, 14, 1198 14 of 21

-- - vl original --#- v2 asymmetric --v- v3 symmetric

T 4
£ 35
=3
g 23
< 2
LS
2
Z0s
Z 0
E 4
E35
=3
S5
=72
18
2 i
=T
= 4
£33
E 3
o 25
= 2
215
g1
503
= 0
L.m
Figure 8. Influence of separation distance and vessel length on heaving maximum RAO values.
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Figure 9. Influence of separation distance and vessel length on pitch maximum RAO values. From
top to bottom: (D) pitching, Fr 0.15, (E) pitching, Fr 0.22, (F) pitching, Fr 0.32.

To validate the proposed method and show its application, the vertical line with blue
start between all graphs is plotted at the position of the original RV “Mintis” geometry
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data. This line clearly demonstrates the influence of several geometry parameters varia-
tions on the maximum heave and pitch RAO values and potentially natural resonance
states of the hull during operation. Understanding the trend of heaving and pitching of
the specific design task can clearly be simplified using such graphs, compared with the
classical vessel frequency response chart.

A general observation across all configurations is that peak heave and pitch RAO
values increase with Froude number. This is explained by the encounter frequency effect
in head seas—as forward speed increases, the vessel meets waves at a higher effective
frequency, shifting the resonance condition and increasing the motion response. This be-
havior is well established in classical seakeeping theory [41] and confirmed in recent nu-
merical studies [32].

5.2. Effect of Vessel Length

Vessel length was varied between 36 m and 49 m, and produced a measurable but
moderate influence on heave and pitch RAO values, with both motions varying by ap-
proximately 45-50% across the investigated range. In most configurations, shorter hull
variants produced higher peak heave and pitch RAOs, while the longest variant (L = 49
m) tended to show the lowest peak values. This is consistent with classical seakeeping
theory—a longer hull reaches resonance at longer absolute wavelengths, shifting the res-
onance condition away from the frequency range where most wave energy is concentrated
in typical operational sea states [31], though some configurations show deviations from
this trend, reflecting interaction with demihull separation and symmetry effects discussed
in Sections 5.3 and 5.4. Recent numerical studies have similarly confirmed the strong de-
pendence of vertical motions on vessel length and relative wavelength [33,34].

The effect of vessel length on the shape of individual RAO curves is illustrated in
Figure 6, which shows that longer configurations exhibit lower and broader resonance
peaks, while shorter configurations produce sharper and higher peaks at lower absolute
wavelengths. The relative wavelength parameter A/L, also visible in Figures 6 and 7, con-
firms that all configurations reach resonance within a comparable relative wave regime,
demonstrating that the observed trends are physically consistent across the investigated
design space rather than being specific to any particular configuration.

5.3. Effect of Demihull Separation

The influence of demihull separation on heave and pitch response is evident in Fig-
ures 8 and 9, where results are grouped by separation value (S =3, 4, and 5 m) for each
speed. Across the investigated range, demihull separation produces a substantial effect
on motion response —heave RAO varies by approximately 32-65% and pitch RAO by ap-
proximately 25-50% depending on vessel speed and length. This finding is consistent with
the strip theory prediction for the head sea condition as implemented by Maxsurf software
itself [39].

Changes in demihull separation within the same vessel length produced negligible
changes in hydrostatic parameters—less than 1% change in waterplane area and longitu-
dinal center of buoyancy —confirming that the observed RAO differences are driven by
hydrodynamic rather than hydrostatic effects. This makes demihull separation a useful
parameter at the early design stage: it can be adjusted to reduce motion response without
requiring changes to the overall hull form or general arrangement.

5.4. Effect of Forepart Symmetry

The influence of forepart symmetry on individual RAO curves is illustrated in Figure
7, which compares the heave and pitch response of the asymmetric configurations v1 and
v2 against the relative wavelength parameter A/L. The broader comparison across all three
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symmetry variants, including the fully symmetric configuration (v3), is presented in Fig-
ures 8 and 9. The effect of forepart symmetry differs between the two motions. For heave,
the symmetric configuration (v3) produces lower peak RAO values than the asymmetric
variants (v1, v2) in most investigated configurations. Heave RAO varies by approximately
30-60% depending on hull symmetry, speed, and length. For pitch, the relationship is less
consistent: v3 generally produces higher peak RAO values than the asymmetric variants,
with pitch RAO varying by approximately 27-50% across the investigated range. This
trend weakens, and in some cases reverses, at wider demihull separations (S =4 and 5 m)
and longer vessel lengths, indicating that the influence of forepart symmetry on pitch re-
sponse depends more strongly on its interaction with separation and length.

Changes in forepart symmetry produced negligible changes in hydrostatic parame-
ters—less than 1% change in waterplane area and longitudinal center of buoyancy be-
tween the symmetry variants—indicating that the observed RAO differences are not
driven by changes in the vessel’s overall hydrostatic properties. Detailed inspection of
section-by-section hydrodynamic coefficients confirms that the influence of forepart sym-
metry is concentrated in the bow region, consistent with the location of the applied geo-
metric modification. The symmetric configuration (v3) shows higher sectional added mass
and damping coefficients near the bow than the asymmetric variants. This local increase
in bow damping is consistent with the generally lower heave RAO observed for v3. How-
ever, the pitch RAO response of the symmetric configuration behaves differently. This
may be explained by pitch response depending not only on the magnitude of the sectional
coefficients but also on their distribution along the hull relative to the vessel’s center of
gravity.

The general influence of hull form on multihull seakeeping behavior is consistent
with findings reported in the literature [30,42], including recent studies of catamaran hull
form optimization [8].

5.5. General Observations of the Methodology

The presented results are supported by numerical verification, including conver-
gence assessment with respect to number of two-dimensional transverse sections. The
convergence analysis shows uncertainties up to 1.5% for maximum heave and pitch RAO
values, which show the accuracy of the presented results. It could be stated that linear
strip theory may have some limitations, but it is still a reliable tool for any comparison
analysis, like the one presented in this article.

The graphical comparison format introduced in this study allows a large number of
geometric combinations to be compared simultaneously, supporting the identification of
favorable configurations for a given operational task. This format complements the nu-
merical methodology and is one of the key practical contributions of the proposed ap-
proach. Nevertheless, the provided evaluation method currently has its limitations, in-
cluding the limitation of strip theory and seek of other commonly used seakeeping pa-
rameters (motion sickness index, non-linear wave spectrum analysis). These methodology
limitations are presented in Chapter 6.

6. Limitations and Assumptions

The results presented in Section 5 demonstrate that the proposed methodology suc-
cessfully identifies meaningful trends in catamaran seakeeping behavior across a wide
range of geometric configurations. However, it is important to be explicit about what the
methodology does and does not account for, so that future users can apply it appropri-
ately.

In this study, all geometric modifications were performed at constant draft, which
means that increasing vessel length simultaneously increases displacement —from 613.8 t
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at L =36 m to 920 t at L = 49 m. As a consequence, the pitch radius of gyration k_yy,
estimated in Maxsurf Motions as approximately 0.25 L following standard ITTC prelimi-
nary design practice, also scales with length. This means that the observed differences in
heave and pitch RAO values across length variants reflect a combination of two effects:
the hydrodynamic geometric effect of changing relative wavelength A/L, and the inertial
effect of increased displacement and pitch moment of inertia. These two contributions
cannot be fully decoupled within the present study without running additional controlled
simulations with artificially fixed mass properties. This is acknowledged as a limitation of
the constant-draft comparison approach. It reflects a deliberate methodological choice —
in real early-stage design, a longer vessel does carry more displacement, and the method-
ology is intended to capture realistic design variations rather than idealized controlled
comparisons. Nevertheless, a displacement-controlled sensitivity study, where hull
length is varied while mass properties are held fixed, would be a valuable extension of
this work to isolate the purely geometric hydrodynamic contribution.

The analysis is based on linear 2D strip theory with hydrodynamic coefficients com-
puted using conformal mapping. This approach is well established for conventional dis-
placement hull forms at moderate Froude numbers and is considered reliable for Fr <0.35—
0.40. The maximum Froude number in this study is Fr=0.32, which falls within this range.
At higher speeds, three-dimensional panel methods or CFD would be more appropriate.
The near-field wave interaction between demihulls is accounted for through catamaran-
specific correction factors [27] but is not fully resolved in three dimensions— for head seas
this is a reasonable approximation supported by published validation studies
[24,28,36,42]. For oblique or beam sea headings, where inter-hull interference is consider-
ably more significant, the method would require more careful validation before being ap-
plied.

Finally, the presented methodology is based on regular wave RAO analysis, which
captures resonance characteristics independently of a specific sea state and is well suited
for early-stage comparative assessment. The extension to irregular wave analysis—for ex-
ample through convolution of RAO curves with a representative JONSWAP spectrum for
the target operational area—is a natural and straightforward next step, but is considered
outside the scope of the present work. Similarly, the study is limited to head seas and
RAO-based peak values. More advanced operability criteria, additional wave headings,
and irregular wave response calculations are identified as extensions of the methodology
for later design stages.

7. Conclusions

This paper presents a methodology for the early-stage seakeeping assessment of cat-
amaran vessels, intended to support the identification of advantageous hull geometry pa-
rameters. Its applicability is demonstrated through a case study carried out at the vessel
design stage.

The methodology includes the selection of relevant geometric parameters, the defi-
nition of analysis limits in accordance with design requirements, the selection of appro-
priate analysis methods, and the introduction of a multi-geometry evaluation chart for
comparative assessment. The novelty of the present work does not lie in the development
of a new hydrodynamic solver, but rather in the formulation of a structured early-stage
design methodology that combines parameter selection, constrained geometric variation,
comparative RAO-based assessment, and graphical interpretation into a unified decision-
support framework for catamaran seakeeping evaluation.

A geometry-based parametric approach was applied to investigate the effects of ves-
sel length, demihull separation, and hull symmetry on the maximum heave and pitch re-
sponse amplitude operators (RAOs) in head seas at three operating speeds corresponding
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to Froude numbers Fn = 0.15, 0.22, and 0.32. The study employs a frequency-domain ap-
proach utilizing linear strip theory for seakeeping performance evaluation; however, the
methodology can also be applied using alternative numerical or experimental evaluation
methods.

Vessel length was found to have a measurable but moderate influence on motion
response, with both heave and pitch RAO varying by approximately 45-50% across the
investigated range of 36—49 m. In most configurations, shorter hull variants produced
higher peak RAOs than longer ones, consistent with classical seakeeping theory, where
longer hulls reach resonance at longer absolute wavelengths [32]. Recent numerical stud-
ies have similarly confirmed that heave and pitch responses strongly depend on relative
wavelength effects and vessel geometry, supporting the trends observed in the present
work [33,34]. In addition to the magnitude of the response, the corresponding resonance
conditions were evaluated using the relative wavelength parameter (A/L), which showed
only minor variation across the investigated configurations. This indicates that the ob-
served resonance peaks occur within a comparable relative wave regime, supporting the
physical consistency of the comparative analysis.

Demihull separation was found to have a substantial influence on motion response,
with heave RAO varying by approximately 32-65% and pitch RAO by approximately 25—
50% across the investigated range of S = 3-5 m. Wider separation generally reduced peak
RAOQ values, particularly at higher Froude numbers, consistent with strip theory expecta-
tions for head-sea conditions [38]. Changes in separation produced negligible changes in
hydrostatic parameters, confirming that this effect originates from hydrodynamic rather
than hydrostatic mechanisms.

Hull forepart symmetry was found to influence heave and pitch response differently.
For heave, the symmetric configuration generally produced lower peak RAO values than
the asymmetric variants. Heave RAO varied by approximately 30-60% across the investi-
gated configurations. For pitch, the relationship was less consistent. The symmetric con-
figuration generally produced higher peak RAO values, with pitch RAO varying by ap-
proximately 27-50%. This trend weakened or reversed at wider demihull separations and
longer vessel lengths.

Opverall, the proposed methodology provides a practical and computationally effi-
cient framework that links geometric parameter variation with design decision-making,
enabling a structured evaluation of catamaran seakeeping performance during the early
stages of design. Unlike conventional parametric studies, the methodology guides the de-
signer toward a narrower and more relevant range of geometric configurations, facilitat-
ing more focused and informed design decisions. Once this reduced design space has been
identified, additional numerical tools and optimization techniques can be applied to fur-
ther refine the vessel configuration. Furthermore, the methodology can be extended to
include irregular-wave conditions, additional geometric variables, or more advanced non-
linear numerical approaches in later stages of the design process.
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Abbreviations

The following abbreviations are used in this manuscript:

RV Research vessel

ITTC International Towing Tank Conference
L Ship length

B Ship breadth

D Ship draught

S Catamaran demihull separation

Co Original RV “Mintis” symmetry value
Fr Froude number

CFD Computational fluid dynamics

k_yy Pitch radius of gyration
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